The aim of this study was to compare the electromyographic indices of fatigue (slope of Median Frequency) calculated with the Fast Fourier Transform (FFT) and Wavelet Transform (WT) in trained and untrained individuals during cycle exercise. A second objective was to compare the variance of the spectral parameters (Median Frequency -MF) obtained by the FFT and WT during exercise. Twelve cyclists and non-cyclists performed a maximal incremental test to determine the peak power (W p ) and electromyographic activity of the vastus lateralis (VL), rectus femoris (RF), biceps femoris (BF), semi-tendinous (ST) and tibialis anterior (TA). Mean values of median frequency, determined by the FFT and WT, were used for the spectral analysis of the electromyographic signals of the studied muscles. The analyzed parameters were obtained for each time period corresponding to 0, 25, 50, 75 and 100% of total duration of the maximal incremental test. No statistically significant differences were found in the values of MF and electromyographic indices of fatigue between the two techniques (FT and WT); both in the cyclists and non-cyclists group (P > 0.05). Regarding the MF variance, statistically significant differences were found in all analyzed muscles, as well as in different time periods, both in the cyclists and non-cyclists groups, when comparing the FFT and WT techniques (P < 0.05). The WT seems to be more adequate to dynamic tasks, since it does not require the signal to be quasi-stationary, unlike the limitation imposed to the use of the FFT.
INTRODUCTION
Muscular fatigue can be defined as a decrease in the ability of the muscle to produce force or torque 1 , and may be followed by an increase of the rate of perceived exertion 2 . One technique used to study muscular fatigue is the surface electromyography (EMG), which provides information of the muscle electrical activity during muscle contraction 3 . EMG analysis is usually performed by spectral decomposition of the signal, using mathematical algorithms such as the Fast Fourier Transform (FFT), which allows the decomposition of the signal in spectral components of high and low frequency 3 .
The FFT is well suited for the processing of EMG signals obtained during static contractions, where the signal is supposedly stationary with no alteration in muscle force, speed and length 3 . However, most exercises are not performed statically, which makes the use of this technique inadequate for studies on muscular fatigue in dynamic activities 4, 5 .
Changes in force, speed and muscle length over time introduce variations in the spectral content of the EMG signal, creating additional difficulties in the use of the FFT, since this technique is suitable for processing periodic or cycle-stationary signals. In this case, it is necessary to identify the time windows in which the EMG signal does not change its cycle-stationarity, and then process the signal from these short-time windows.
This technique is known as Short-Time Fourier Transform (STFT), or alternatively ShortTerm Fourier Transform. This Fourier-related transform is applied to determine the spectral content, in terms of sinusoidal frequency and phase content, of local portions of a signal as it changes over time.
Given the limitations imposed to the use of the FFT in dynamic contractions, another technique called Wavelet Transform (WT) has been used to decompose the EMG signal 6 . This technique consists in mapping the signal in frequency and time from a series of base functions that can be designated depending of the analysis needs and are built based on a "mother" wavelet 7 , forming an orthogonal signals base. However, some studies show that both techniques provide similar information about muscle fatigue, both in static and dynamic conditions [8] [9] [10] .
The EMG analysis for muscle fatigue is commonly performed through spectral parameters (mean frequency or median frequency (MF)) over time during a fatiguing effort. shown that the WT analysis is highly effective in identifying the muscle recruitment pattern of different types of muscle fiber in a specific phase of movement during running. The FFT analysis would hardly be able to identify this pattern with the same accuracy as the WT analysis, as suggested by the study of Karlsson et al. 13 . However, more studies are necessary to compare these two techniques (FFT and WT) and support these hypotheses.
The main objective of this study was to compare the fatigue indices (MF slope)
obtained from the FFT and WT analyses in trained and untrained individuals during cycling exercise. A second objective was to determine the variance of the spectral parameters (MF) of FFT and WT during exercise. Our hypothesis is that the EMG fatigue indices from the two techniques are comparable, but the indices obtained through FFT analysis are less accurate, i.e., have more of variability.
MATERIALS AND METHODS

Participants
Twenty four healthy volunteers participated in this study, being 12 cyclists (28.0 ± 7.0 years) and 12 non-cyclists (24.9 ± 3.92 years). Cyclist had a minimum training frequency of three sessions per week (>100 km) and participated in competitions for at least 1.5 years in amateur or professional categories. Non-cyclists volunteers were physically active, practicing different sports or recreational physical activities of moderate to high intensity. All volunteers signed an informed consent form, previously approved by the local Ethics and Research Committee, after being informed of the details and procedures of the present study.
Experimental Design
This study was conducted over a period of two weeks, during which all participants were subjected to an incremental test to determine the peak power (W p ) and EMG activity.
The participants were oriented to abstain from any substance or food containing caffeine during the experiment period, as well as alcoholic beverages, to be hydrated and do not perform vigorous physical activity in the 24 h prior to the tests, in order to avoid any type of interference in the results. Each participant was tested at the same time of the day to minimize the effects of diurnal biological variation. The participants underwent a pilot study for familiarization with the test protocol and equipments used.
Anthropometry
Body mass was measured on a digital platform scale, Urano ® model PS 180, with a precision of 0.1 kg, and the height was determined using a wooden stadiometer with a precision of 0.1 cm, according to the procedures described by Gordon, Chumlea and Roche 14 . All participants were measured and weighted barefoot, wearing only swimming trunks.
Maximal Incremental Test (IT max )
All participants performed a maximal incremental test (IT max ) to determine the peak power (W p ) and EMG activity in a CompuTrainer DYNAFIT (RacerMate®, Seattle, WA, USA) cyclesimulator, which allows the determination of the generated power and cadence 
Statistical Analysis
Results were expressed as means with standard deviations (± SD). Analysis of variance for repeated measures was used to compare the data regarding the FFT and WT techniques. Mauchly's sphericity test was applied, and whenever this test was violated, the necessary technical corrections were made using the Greenhouse-Geisser test. Whenever the F test indicated statistical significance, the analysis was complemented through of the Tukey's comparison test. The limit of statistical significance was set at 5% (P ≤ 0.05). Data was analyzed using the Statistical Package for Social Sciences (SPSS), version 15 for
Windows. Table 1 shows the anthropometric characteristics and maximal incremental test performance of the participants. the EMG signals related to muscle fatigue and subject to variability in the spectral content throghout the processing time window. Fig. 1 and 2 illustrate the results of the Fourier and Wavelet signal processing techniques, respectively. The RF muscle signal of a cyclist, at the time period corresponding to 75% of IT max , with approximately 60 s duration, was taken as illustrative example. Fig. 1 a) presents time domain EMG RF muscle signal, while a zoom in on the first 0.9 s duration of the signal is show in Fig. 1 b) . Hence, short-term FFT was performed over each 0.9 s time window along the time domain signal. As a result, Fig. 1 c) presents a typical periodogram (PSD -power spectral density, in dB/Hz) performed over the 33-th time-interval (0.9sec) of the EMG RF muscle signal. Fig. 1 d) indicates the spectrogram of the RF muscle signal from the time-domain signal of Fig. 1 b) .
RESULTS
Spectral analysis of the RF muscle signal employing continuous Wavelet transform with db 5 family and 128 scales is depicted in Fig 2 . Different studies compared the FFT and WT in different experimental protocols 9, 10, 13, 16 . It seems that both techniques provide the same information regarding muscular fatigue, that is, when EMG fatigue indices are analyzed in dynamic exercise systematically controlling the movement speed, angle and force. Although our protocol involved a sport activity (cycling) without proper control of these variables that may change the spectral content of the EMG signal, our results also agree with other studies that compared the EMG fatigue indices between the two techniques 9,10 .
One possible explanation for these results is that the EMG fatigue indices are derived from an averaging process both within the time windows selected for analysis and in the linear regression. This process eliminates the individual differences between the spectral estimates of the FFT and WT, and could thus reduce the measurement errors, as suggested by the results of this averaging effect presented by Da Silva et al. 9 and
CONCLUSION
Although no differences between the methods in calculating the fatigue indices were found, the values obtained using the FFT showed greater data variance when compared to WT. The WT technique seems to be more adequate to dynamic tasks, since it does not require the signal to be quasi-stationary, unlike the limitation imposed by the conventional FFT technique. Given this requirement, when analyzing dynamic signals with the FFT technique, there are high values for the variance, directly influencing the standard deviation of the data, which can hinder the detection of representative differences in a given data set.
